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Abstract. Cuttlefish and other cephalopods use visual
cues from their surroundings to adaptively change their
body pattern for camouflage. Numerous previous experi-
ments have demonstrated the influence of two-dimensional
(2D) substrates (e.g., sand and gravel habitats) on camou-
flage, yet many marine habitats have varied three-dimen-
sional (3D) structures among which cuttlefish camouflage
from predators, including benthic predators that view cut-
tlefish horizontally against such 3D backgrounds. We con-
ducted laboratory experiments, using Sepia officinalis, to
test the relative influence of horizontal versus vertical visual
cues on cuttlefish camouflage: 2D patterns on benthic sub-
strates were tested versus 2D wall patterns and 3D objects
with patterns. Specifically, we investigated the influence of
(i) quantity and (ii) placement of high-contrast elements on
a 3D object or a 2D wall, as well as (iii) the diameter and
(iv) number of 3D objects with high-contrast elements on
cuttlefish body pattern expression. Additionally, we tested
the influence of high-contrast visual stimuli covering the
entire 2D benthic substrate versus the entire 2D wall. In all
experiments, visual cues presented in the vertical plane
evoked the strongest body pattern response in cuttlefish.
These experiments support field observations that, in some
marine habitats, cuttlefish will respond to vertically oriented
background features even when the preponderance of visual
information in their field of view seems to be from the 2D
surrounding substrate. Such choices highlight the selective
decision-making that occurs in cephalopods with their adap-
tive camouflage capability.
Introduction
Cuttlefish, such as Sepia officinalis Linnaeus, 1758, adap-
tively and dynamically change their body pattern for cam-
ouflage (Hanlon and Messenger, 1988, 1996; Shohet et al.,
2006; Kelman et al., 2007; Ma¨thger et al., 2007; Allen et
al., 2009; Zylinski et al., 2009a, b; Barbosa et al., 2012).
Cuttlefish inhabit many different environments, including
sandy open plains, rocky reef habitats, seagrass beds, and
coral reefs, and are thus exposed to a variety of visual
information (Boletzky, 1983; Hanlon and Messenger,
1996). These benthic animals dwell primarily on the
seafloor, where they use information from the substrate
(horizontal cues—e.g., sand, gravel) as well as from vertical
facades (e.g., wall or rock face) and discrete 3D objects
(e.g., rocks, algae clumps) in their immediate surroundings
to adapt their appearance for camouflage (Barbosa et al.,
2008a; Buresch et al., 2011). How cuttlefish respond to
vertically oriented visual cues versus horizontal cues was
investigated initially by Barbosa et al. (2008a), but here the
relative influence of each is tested in detail.
Cuttlefish use three basic body pattern types for camou-
flage: Uniform, Mottle, and Disruptive (for a description of
each body pattern type see Hanlon and Messenger, 1988)
with variations on each pattern type (Hanlon et al., 2009). In
the present experiments, we used large-scale, high-contrast
stimuli (known to elicit the Disruptive body pattern) to
investigate the body pattern response of S. officinalis. We
chose to use stimuli that evoke a Disruptive body pattern
because the visual cues used to evoke this pattern have been
studied extensively (Chiao and Hanlon, 2001a, b; Ma¨thger
et al., 2006, 2007; Barbosa et al., 2007, 2008a; Chiao et al.,
2007, 2009; Kelman et al., 2007; Zylinski et al., 2009c).
Background matching and masquerade are two camou-
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flage tactics used by cuttlefish in the wild (Hanlon et al.,
2009). Background matching functions by generally resem-
bling the visual background seen by predators (Cott, 1940;
Endler, 1978, 1981; Stevens and Merilaita, 2009). For mas-
querade, an animal resembles inanimate, inedible, or unin-
teresting objects in the immediate surroundings (such as
twigs, leaves, stones, or seaweed) (Thayer and Thayer,
1918; Stevens and Merilaita, 2009; Skelhorn et al., 2010a),
and many taxa use this camouflage tactic (e.g., stick insects,
catepillars, lizards: Schmidt, 1990; Skelhorn et al., 2010b;
Cooper and Sherbrooke, 2012). Whereas background
matching hinders detection by a predator, masquerade pre-
vents correct identification (Endler, 1981; Ruxton et al.,
2005; Skelhorn et al., 2010a, b, 2011; Skelhorn and Ruxton,
2011; Stevens and Merilaita, 2011). In the wild, cuttlefish
sometimes choose to masquerade as 3D objects such as
rocks or clumps of algae by tuning their skin pattern, color,
brightness, and arm posture to resemble the 3D object
instead of the benthic substrate (Hanlon and Messenger,
1988; Barbosa et al., 2008a; Hanlon et al., 2009).
Recent laboratory experiments have suggested that cut-
tlefish will masquerade as a 3D object in the presence of a
high-contrast 3D stimulus on a uniform 2D substrate (Bu-
resch et al., 2011). Here, we examined this capability in
greater detail by testing which characteristics of high-con-
trast 3D objects are most important in evoking a Disruptive
body pattern, and whether body pattern expression evoked
by the 3D stimuli could also be evoked using only 2D
vertical stimuli with the same characteristics as the 3D
freestanding objects.
Materials and Methods
Animals
European cuttlefish (Sepia officinalis) were hatched,
reared, and maintained in the Marine Resources Center
facility at the Marine Biological Laboratory in Woods Hole,
Massachusetts. Ten animals (average mantle length (ML)
22 mm, SD  3.35; average White Square area 37 mm2,
SD  7.63) were used for all of the experiments.
Experimental setup
Experiments were conducted inside a black tent to pre-
vent disturbances during trials. Cuttlefish were observed on
a TV monitor outside of the tent, and images were taken
remotely. Animals were placed inside a circular arena
(25-cm diameter) with flow-through seawater where they
were presented with each stimulus, either 3D objects free-
standing on the floor of the arena or 2D cues placed verti-
cally on the arena wall (see Figs. 2–5 for a graphic repre-
sentation of each stimulus). Both animal and stimulus
orders were randomized.
Artificial substrates and objects were made using uniform
gray color (RGB  142; 50% gray) designed to elicit a
Uniform body pattern, and large black (RGB  255) and
white (RGB  0) high-contrast checks designed to elicit a
Disruptive body pattern (5.5-mm-square size—equal to
100% of animals’ average White Square area). Substrates
were computer-generated, laminated to be waterproof, and
placed horizontally on the floor under the arena and verti-
cally as a wall inside the arena. 3D objects were 23 mm in
diameter (equal to 1 ML) and were constructed using the
same 50% gray or black-and-white checks used for the
substrate floor and wall.
All 3D objects and 2D wall patterns were positioned in
the same place for every animal. A circular 40W fluorescent
light source (Phillips CoolWhite) was placed directly above
the arena to reduce the effect of shadows. Animals were
tested individually and were allowed 10–60 min to accli-
mate (an animal was considered acclimated when it showed
a stable body pattern with little to no motion). After the
animal had settled, an image was captured using a remotely
controlled camera (Canon Rebel XS).
To examine the visual cues that influence Disruptive
body pattern expression, we presented cuttlefish with vary-
ing high-contrast elements on 3D freestanding objects (pre-
sented on a 50% gray substrate floor with 50% gray arena
walls) and on 2D vertical walls (presented on a background
of 50% gray wall with a 50% gray substrate floor). The
following characteristics of the substrates were examined:
(1) quantity of high-contrast elements on a 3D object and a
2D wall, (2) vertical placement of high-contrast elements on
a 3D object and a 2D wall, (3) diameter of a high-contrast
3D object, (4) number of high-contrast 3D objects, and (5)
high-contrast substrate on the floor versus wall.
Control experiments
Two control experiments were performed: (1) uniform
50% gray substrate floor and arena wall, and (2) checker-
board substrate floor and arena wall (Fig. 1).
Experiment 1: Quantity of high-contrast elements
Experiment 1a (3D object): Rows of high-contrast
checks: 0 (50% gray object), 2, 4, or 6 checks high were
placed on a 3D object (Fig. 2a).
Experiment 1b (2D wall): Similarly, rows of checks: 2, 4,
and 6 checks tall (4 checks wide) were placed on a 2D wall
(Fig. 2b).
Experiment 2: Vertical placement of high-contrast
elements
Experiment 2a (3D object): Two rows of checks were
placed at the bottom, middle, and top of a 3D object (Fig.
3a).
Experiment 2b (2D wall): Two rows of checks (4 checks
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wide) were placed at the bottom, middle, and top of a 2D
wall (Fig. 3b).
Experiment 3: Diameter of high contrast 3D object
3D objects (4 checks tall) with diameters of 1 ML, 2 ML,
and 3 ML were presented in the center of the arena (Fig. 4a).
Experiment 4: Number of 3D objects
Differing numbers (1, 2, 3, and 4) of 3D objects (4 checks
tall) were presented in the arrangement illustrated in Figure
4b.
Experiment 5: High-contrast substrate floor vs. wall
Cuttlefish were presented with (a) a high-contrast check-
erboard substrate floor with a 50% gray arena wall and (b)
a 50% gray substrate floor with a high-contrast checker-
board wall (Fig. 5).
Image analysis
We used a MATLAB R2010a (The Mathworks, Inc.)
generated image analysis program, developed by C. Chiao,
C. Chubb, and L. Siemann, as an automated method for
characterizing and discriminating between cuttlefish body
patterns. This program runs intensity traces (for more detail
see Chiao et al., 2009) along the animal (one medial and
three transverse) to estimate activation strengths of 10 Dis-
ruptive body pattern components by measuring the differ-
ence between the normalized intensity of a component and
the normalized intensities of neighboring components. The
program generates a “Disruptive Score,” which is a sum-
mary of the activations of the 10 components.
We used substrates that evoked Uniform or Disruptive
body patterns and compared differences in animals’ Disrup-
tive Scores using a Kruskal-Wallis ANOVA to analyze
body pattern expression. Body patterns evoked in Experi-
ments 1–5 were compared with body patterns evoked on the
gray control. Statistical analyses were performed using
MATLAB R2010a.
Results
Control experiments
Animals showed a Uniform body pattern on the gray
control (i.e., had a low disruptive score; Mean 1.61, SE
0.19) and a Disruptive body pattern on the checkerboard
control (i.e., high disruptive score; Mean  16.0, SE 
1.41). Cuttlefish body patterns were significantly different
on the gray control versus the checkerboard control
(Kruskal-Wallis ANOVA, 2  14.29, P  0.002) (Fig. 1).
Figure 1. Mean disruptive score of cuttlefish (n  10) on a gray
control and a checkerboard control. Bars indicate standard error. Asterisk
indicates significant difference from gray control. Cuttlefish images repre-
sent the typical body pattern response.
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Experiment 1a: Quantity of high-contrast elements on a
3D object (Fig. 2a)
The quantity of high-contrast elements affected cuttlefish
body pattern response (2 16.63, P 0.0008). There was
no significant difference between cuttlefish body pattern
response to a 50% gray freestanding 3D object with no
checks (Mean  1.16, SE  0.21, P  0.05) and the gray
control. Cuttlefish responded with a Disruptive body pattern
to high-contrast checks on a 3D object (2, 4, and 6 rows of
checks). Pairwise comparisons after a Kruskal-Wallis
ANOVA showed no significant difference between cuttle-
fish body pattern response to 2 rows of checks on a 3D
object (Mean  6.10, SE  1.55, P  0.05) and the gray
control but showed significant difference between the gray
control and 4 rows (Mean 7.84, SE 1.65, P 0.05) and
6 rows (Mean  9.03, SE  1.55, P  0.05) of checks on
a 3D object.
Experiment 1b: Quantity of high-contrast elements on a
2D wall (Fig. 2b)
Cuttlefish body pattern responses to a row of 2, 4, or 6
high-contrast checks on a 2D wall were significantly differ-
ent from those in the gray control (2 18.28, P 0.0004).
The strength of the Disruptive body pattern expression was
not affected by patch size (2 rows: Mean  9.17, SE 
Figure 2. Mean disruptive score of cuttlefish (n  10) for quantity of checks on (a) a 3D object and (b) a
2D wall. Bars indicate standard error. Asterisks indicate significant difference from gray control. Cuttlefish
images represent the typical body pattern response.
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1.60, P 0.05; 4 rows: Mean 9.29, SE 1.25, P 0.05;
6 rows: Mean  10.03, SE  1.45, P  0.05).
Experiment 2a: Vertical placement of 2 rows of high-
contrast elements on a 3D object (Fig. 3a)
Cuttlefish showed a Disruptive body pattern to checks
placed low on a 3D object. Animals did not show a Dis-
ruptive body pattern when checks were placed in the middle
of or high on a 3D object. A Kruskal-Wallis ANOVA
showed no significant difference for low, middle, or high
placement of checks as compared to the gray control (2 
4.51, P  0.21).
Experiment 2b: Vertical placement of 2 rows of high-
contrast elements on a 2D wall (Fig. 3b)
Cuttlefish responded to a patch of two rows of checks
when placed in three positions (i.e., low, middle, and high)
on a 2D wall. Disruptive body pattern expression decreased
in strength as checks were placed higher on the wall. Cut-
tlefish body pattern response was significantly different
from that in the gray control (2  13.99, P  0.003) when
2 rows of checks were presented low on the wall (Mean 
9.17, SE  1.60), but not when presented in the middle
(Mean 6.33, SE 0.83, P 0.05) or high (Mean 4.75,
SE  1.09, P  0.05) on the wall.
Figure 3. Mean disruptive score of cuttlefish (n  10) for placement (low, middle, high) of two rows of
checks on (a) a 3D object and (b) a 2D wall. Bars indicate standard error. Asterisk indicates significant difference
from gray control. Cuttlefish images represent the typical body pattern response.
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Experiment 3: Diameter of high-contrast 3D object (Fig.
4a)
Cuttlefish body pattern response was significantly differ-
ent from that in the gray control in the presence of a 3D
object (4 checks high) regardless of diameter (1 ML, 2 ML,
3 ML) (2  14.06, P  0.003). Increasing the diameter of
a high-contrast 3D object did not affect the strength of the
animals’ Disruptive body pattern expression (1 ML:
Mean  7.58, SE  1.37, P  0.05; 2 ML: Mean  7.04,
SE  1.45, P  0.05; 3 ML: Mean  7.37, SE  1.42, P
 0.05).
Experiment 4: Number of 3D objects (Fig. 4b)
Cuttlefish body pattern response was significantly differ-
ent from that in the gray control in the presence of 1-4
high-contrast 3D object(s) (all objects were 4 checks high,
1 ML diameter) (2  21.1, P  0.0003). Increasing the
number of high-contrast 3D objects did not affect the
strength of the animals’ Disruptive body pattern expression
(1 object: Mean  9.23, SE  1.07, P  0.05; 2 objects:
Mean  8.73, SE  1.42, P  0.05; 3 objects: Mean 
10.53, SE  1.17, P  0.05; 4 objects: Mean  7.87, SE 
1.44, P  0.05).
Experiment 5: Substrate floor vs. wall (Fig. 5)
Cuttlefish body pattern response to a checkerboard floor
with a gray wall (Mean  2.51, SE  0.49, P  0.05) was
not significantly different from that in the gray control.
Body pattern response to a checkerboard wall with a gray
floor (Mean  10.10, SE  1.31, P  0.05) was signifi-
Figure 4. Mean disruptive score of cuttlefish (n  10) for (a) diameter of a 3D object (1 ML-3 ML), (b)
numbers of 3D objects (1–4). Bars indicate standard error. Asterisks indicate significant difference from gray
control. Cuttlefish images represent the typical body pattern response.
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cantly different from that in the gray control (2  18.4, P
 0.0001). Our previous laboratory experiments using
checkerboard horizontal substrates and black walls evoked
disruptive patterns, but as seen in Figure 5, with a gray wall
the checkerboard floor evokes only a very minor response of
disruptive components.
Discussion
These laboratory experiments demonstrate that visual
stimuli in the vertical dimension (2D or 3D) have a stronger
influence on changeable camouflage in Sepia officinalis than
do 2D stimuli presented horizontally. Moreover, this effect
is noteworthy because in many of the experiments, the
stimuli presented vertically constituted only a small propor-
tion of the total visual surrounds, indicating that cuttlefish
are selectively responding to vertical cues. Thus, vertical
orientation should be added to the list of key visual features
known to drive cuttlefish camouflage patterning (i.e., size,
contrast, and edges: Chiao and Hanlon, 2001a; Chiao et al.,
2005; Barbosa et al., 2008b; Zylinski et al., 2009b, c, 2011).
Cuttlefish responded with a significantly different body
pattern to high-contrast 3D objects if there were at least 4
rows of checks on the object (Fig. 2a). Increasing the
diameter or number of the 3D object did not increase the
strength of the response (Fig. 4a, b), indicating that a
stimulus as small as 16 black-and-white checks is enough to
evoke a Disruptive body pattern. Interestingly, cuttlefish
always responded to high-contrast checks on a 2D wall,
regardless of the quantity or placement of the stimulus (Fig
2b, 3b). Taken together, these laboratory experiments dem-
onstrate the strong influence of vertically oriented visual
stimuli.
A previous study showed that cuttlefish respond to both
vertical and horizontal cues for camouflage, but did not
address the relative influence of horizontal versus vertical
orientation (Barbosa et al., 2008a). Our results suggest that
vertical cues take precedence over horizontal cues when
cuttlefish are presented with high-contrast stimuli because
cuttlefish responded more strongly to a checkerboard cov-
ering the entire wall than to a checkerboard covering the
entire substrate floor (Fig. 5). Similarly, Buresch et al.
(2011) found that cuttlefish did not respond to a 2D high-
contrast patch (16 black-and-white checks on 50% gray)
presented horizontally on the substrate floor. Additionally,
in a separate experiment using vertically oriented cues,
cuttlefish responded by raising their arms relative to the
angle of a vertical stimulus (Barbosa et al., 2012).
Since it appears as though cuttlefish are responding pri-
marily to vertical cues, irrespective of whether they are
presented on a discrete object, can we interpret our results as
“masquerade camouflage”? It is not possible to definitively
prove that this type of camouflage is masquerade, since this
would require viewing the animals from the perspective of
Figure 5. Mean disruptive score of cuttlefish (n  10) on a checker-
board floor with gray wall and on a gray floor with checkered wall. Bars
indicate standard error. Asterisk indicates significant difference from gray
control. Cuttlefish images represent the typical body pattern response.
116 K. M. ULMER ET AL.
a predator rather than human vision (Stevens and Merilaita,
2009; Skelhorn et al., 2010a). However, cuttlefish in the
wild use body posture and skin papillae in addition to
chromatic body pattern to resemble inanimate objects in
their surroundings (Hanlon et al., 2009). This type of be-
havior fits into the recent definition of masquerade: looking
like an inedible or inanimate object (Skelhorn et al., 2010a,
2011; Skelhorn and Ruxton, 2011). It is not surprising that
cuttlefish camouflage to vertical structures in their environ-
ment because predators view these animals from many
different angles: pelagic predators from above and benthic
predators from the side.
Although masquerade is the most plausible explanation
for the behavior seen in these experiments, cuttlefish could
be responding with body patterns that match the space-
averaged contrast and spatial frequencies in their visual
surroundings. The Disruptive patterns in the presence of
checkerboard cues on a uniform background were weaker
than those of cuttlefish on the checkerboard control. In
laboratory experiments with split (left side vs. right side)
substrates, cuttlefish integrated conflicting visual cues and
responded with mixed body patterns (Allen et al., 2010).
While these split-substrate experiments indicate that cuttle-
fish may average visual cues when choosing a pattern, our
data seem to indicate that cuttlefish are selectively respond-
ing to a small percentage of their visual field. Other cepha-
lopods have been shown to selectively sample visual fea-
tures for body patterning. Two octopus species (Octopus
cyanea and Octopus vulgaris) base some of their body
patterns on features of nearby objects rather than on their
entire field of view (Josef et al., 2012). It is also possible
that both masquerade and background matching are occur-
ring simultaneously and working together to enhance cam-
ouflage, as previously demonstrated in caterpillars and liz-
ards (Skelhorn et al., 2011; Cooper and Sherbrooke, 2012).
Additional field work and laboratory experiments involv-
ing 3D objects could help us better understand masquerade
as a camouflage tactic used by cuttlefish. For example,
detailed field measurements of cuttlefish reflectance com-
pared to that of adjacent objects may yield precise details of
the visual sampling rules that guide cuttlefish camouflage in
diverse habitats; efforts in this direction have recently been
made with point-by-point spectrophotometric measure-
ments and hyper-spectral imaging (Chiao et al., 2011; Ak-
kaynak et al., 2012). Although the scope of this study was
restricted to experimental conditions in the laboratory, we
have demonstrated that vertical cues strongly influence cut-
tlefish body pattern choice.
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